Abstract. The Montreal Protocol restricts production of ozone-depleting halocarbons worldwide. Enforcement of the protocol has relied mainly on annual government statistics of production and consumption of these compounds (bottom-up approach). We show here that aircraft observations of halocarbon:CO enhancement ratios on regional to continental scales can be used to infer halocarbon emissions, providing independent verification of the bottom-up approach. We apply this top-down approach to aircraft observations of Asian outflow from the TRACE-P mission over the western Pacific (March April 2001) and derive emissions from eastern Asia (China, Japan, and Korea). We derive an eastern Asian carbon tetrachloride (CCl ¡ ) source of 21.5 Gg yr¢ £ , several-fold larger than previous estimates and amounting to ¤ 30% of the global budget for this gas. Our emission estimate for CFC-11 from eastern Asia is 50%
Introduction
The role of halocarbons in the destruction of stratospheric ozone is well established [WMO/UNEP, 1999] . The 1987 Montreal Protocol and later amendments lay out a schedule to ultimately cease the production of these compounds. Monitoring compliance with such a protocol is difficult. Traditional approaches have relied on bottom-up emission inventories derived from annual government records of production and consumption [UNEP, 2002] . These approaches are becoming increasingly uncertain as leakage from existing stockpiles, and possibly unreported production, progessively represent a larger relative contribution to the atmospheric burden of these compounds. We show here that aircraft observations of halocarbon concentrations provide new top-down constraints for monitoring anthropogenic halocarbon emissions.
We focus on eastern Asia, a region where halocarbon emissions are particularly uncertain, by using measurements of halocarbons and CO in Asian outflow from the NASA TRACE-P two-aircraft mission in March April 2001 . The aircraft operated out of Hong Kong and Japan, providing considerable geographical coverage of the Asian outflow ( Figure 1 ). Boundary layer flights (0 2 km) sampled fresh continental outflow. We use Figure 1 observed relationships between halocarbons and CO to determine the corresponding halocarbon emissions. Sources of CO from fuel consumption (fossil fuel and biofuel) are relatively well known and are in general collocated with the halocarbon sources. Loss of CO is by oxidation by OH, resulting in an atmospheric lifetime of a few months. The TRACE-P data have been used previously to evaluate and refine regional CO source estimates in eastern Asia [Carmichael et al., 2003; Heald et al., 2003; Palmer et al., 2003; Streets et al., 2003] . Provided that there is a strong correlation between CO and a particular halocarbon, one can infer the halocarbon emission from the halocarbon:CO relationship.
Methyl chloroform (CH¥ CCl¥ ) is a halocarbon of particular interest even though it plays a relatively minor role in stratospheric ozone depletion. It is used extensively as the standard proxy for the hydroxyl radical (OH), the main atmospheric oxidant for many environmentally important gases. Long-term surface air measurements of CH¥ CCl¥ concentration have been used to infer the global mean OH concentration and its trend [Spivakovsky et al., 1990; Spivakovsky et al., 2000; Krol et al., 1998; Montzka et al., 2000; Prinn et al., 2001] . This requires accurate knowledge of CH¥ CCl¥ emissions. Recent studies have attempted to determine emissions of CH¥ CCl¥ from Europe and North America using the CH¥ CCl¥ :CO correlation in long-term surface data sets [Barnes et al., 2003] or by using an ad hoc inverse method to minimize the disrepancy between aircraft CH¥ CCl¥ concentration data and modeled values [Krol et al., 2003] .
These studies find a significant source of CH¥ CCl¥ from Europe and North America, casting doubt on studies of trends in the oxidizing capacity of the atmosphere that rely on government reports of zero emissions in these regions [Prinn et al., 2001] .
In the next section we use observations of CH¥ CCl¥ to illustrate the general method used to determine emissions of halocarbons from measurements of atmospheric concentration. Then in the following sections we apply this methodology to carbon tetrachloride, halon 1211, and CFCs 11 and 12. We conclude the paper by discussing the implications of our results for the ozone depletion potential (ODP) of Asian emissions.
Methyl Chloroform (CH¦ CCl¦ )
The Montreal Protocol called for a total ban on the production and sales of CH¥ CCl¥ in developed countries by 1996. Beginning in 2003, the first in a series of restrictions on consumption in developing countries takes effect. Prior to the Montreal Protocol, accurate emission estimates of CH¥ CCl¥ were calculated from manufacturers' records of production and sales [Midgley and McCulloch, 1995; McCulloch and Midgley, 2001] . Now, however, emissions from developed countries are generally thought to represent slow release from legal stockpiles accumulated prior to the ban [Krol et al., 2003 ].
We use boundary layer (0 2 km) aircraft observations taken directly downwind of the Asian continent during the TRACE-P mission. Outflow of CO below 2 km during TRACE-P was mainly anthropogenic, with minimal contribution from biomass burning [Liu et al., 2003 ].
Analysis of five-day kinematic back-trajectories [Fuelberg et al., 2003] Table 1 We use a bottom-up emission inventory for anthropogenic CO in eastern Asia customized for the TRACE-P period [Streets et al., 2003] and refined with a formal inverse model analysis constrained by the TRACE-P CO observations [Palmer et al., 2003] . The resulting a posteriori anthropogenic emissions from China (168 Tg CO yr¢ £ ) are approximately 50% greater than the a priori values from [Streets et al., 2003] . A posteriori emissions for Korea and Japan combined are not significantly higher than the a priori so that the a priori estimates are retained here (8. Estimated uncertainties on our halocarbon emission estimates are given in Table 2 . Table 2 Quantifying these uncertainties is difficult. Streets et al. [2003] estimate uncertainties of 78%
for their anthropogenic CO emissions from China, 42% for Korea, and 17% for Japan. The inverse model of Palmer et al. [2003] reduced these uncertainties, in particular for China, but the a posteriori error statistics from this analysis (typically 5%) likely underestimate the actual uncertainty. We assume here an uncertainty of 20% for the regional and national CO emissions in eastern Asia. Uncertainties on the halocarbon:CO slopes (Table 1) are calculated in the standard way by assuming the linear model. There are additional errors associated with this assumption that we do not take into account. As a result, the uncertainties given in Table 2 are likely too low. 
Implications for the Ozone Depletion Potential of Asian Emissions
The ozone depleting potential (ODP) describes the relative strength of a halocarbon gas to destroy stratospheric ozone, defined as the ratio of the net chemical destruction of ozone by a specified mass emitted of that gas to the net ozone destroyed by a similar mass emitted of CFC-11. From the top-down emission estimates in [McCulloch and Midgley, 2001; McCulloch et al., 2001; McCulloch et al., 2003; UNEP, 2002] . Our ODP-weighted emission estimate for the sum of these four gases is 40% higher than previous estimates, corresponding to a ¤ 10% increase in their global ODP-weighted emissions, using published global emission estimates in Table 2 [ McCulloch and Midgley, 2001; McCulloch et al., 2001; McCulloch et al., 2003; Simmonds et al., 1998 ]. This global relative increase in ODP is likely a conservative estimate, owing to our use of 1995 data for the global CCl ¡ emissions [Simmonds et al., 1998 ] in the absence of more recent data (long-term trend of concentration measurements suggests that present-day global emissions are lower than 1995 emissions [Montzka et al., 1999] ). These four halocarbons were estimated to account for ¤ 70% of the total global ODP in 1995 [WMO/UNEP, 1999].
The method we have used to construct regional-scale emission inventories of anthropogenic halocarbons from aircraft concentration data in continental outflow does not rely on government records, and therefore can be used as an independent test of reported values for production or consumption. It has general application to monitor the magnitude and trends of emissions of a wide range of environmentally important gases.
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